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 Abstract 
 
Equine superficial digital flexor tendons (SDFT) are often injured, and they 
represent an excellent model for human sport tendinopathies. While lesions can be 
precisely diagnosed by clinical evaluation and ultrasonography, a prognosis is often 
difficult to establish; the knowledge of the injured tendon’s mechanical properties 
would help anticipating the outcome.  
The objectives of the present study were to compare the axial speed of sound 
(SOS) measured in vivo in normal and injured tendons and to investigate their 
relationship with the tendons’ mechanical parameters, in order to assess the potential 
of quantitative axial ultrasound to monitor the healing of injured tendons.  
SOS was measured in vivo in the right fore SDFTs of 12 horses during walk, 
before and 3.5 months after the surgical induction of a bilateral core lesion. The 12 
horses were then euthanized, their SDFTs isolated and tested in tension to measure 
their elastic modulus and maximal load (and corresponding stress). SOS significantly 
decreased from 2179.4 ± 31.4 m/s in normal tendons to 2065.8 ± 67.1 m/s 3.5 
months after the surgical induction, and tendons’ elastic modulus (0.90 ± 0.17 GPa) 
was found lower than what has been reported in normal tendons. While SOS was not 
correlated to tendon maximal load and corresponding stress, the SOS normalized on 
its value in normal tendons was correlated to tendons’ elastic modulus.  
These preliminary results confirm the potential of axial SOS in helping the 
functional assessment of injured tendon. 
 
Keywords:  Tendon; Quantitative ultrasound; Speed of sound; Elastic modulus; 
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1. Introduction 
The superficial digital flexor tendon (SDFT) is 
one of the most commonly injured tendons in 
horses (Patterson-Kane and Firth, 2009; Thorpe 
et al., 2010) and it is considered as an excellent 
model for human sport tendinopathies. Tendon 
lesions are usually accompanied by enlargement 
of the affected area and a decrease in tendon’s 
elastic modulus and maximal stress (Crevier-
Denoix et al., 1997). The tendon healing 
response is slow and often inadequate, as 
indicated by the high recurrence rates of these 
injuries (Patterson-Kane and Firth, 2009); thus, 
lesion’s evaluation and follow up are important 
in order to limit the horse’s intervals out of 
work and avoid recurrent injuries. 
Ultrasonography is widely used to evaluate 
tendon lesion severity and progression (Marr et 
al., 1993; Rantanen et al., 1985). While this 
technique is considered one of the most 
accurate diagnostic tools in early stage, 
advanced healing lesions tend to present normal 
echogenicity (Denoix et al., 1990) although the 
tendon has not yet completely recovered. In 
particular, the mechanical properties of tendon 
play a determinant role in its ability to resume 
work but a robust means to non-invasively 
assess those properties is still lacking; however, 
it is possible to estimate them by quantitative 
analysis of ultrasonographic images (Crevier-
Denoix et al., 2005). More recently, a technique 
based on in-vivo kinetic and kinematic analysis 
has been proposed to characterize the limb’s 
stiffness of horses with healing tendons (Dakin 
et al., 2011), 
Quantitative axial ultrasound in tendon 
represents a relatively new field of study, while 
bone applications are already well spread 
(Laugier et al., 2008; Moilanen, 2008). Axial 
speed of sound (SOS) measurements have been 
applied to evaluate tendon load non-invasively 
(Crevier-Denoix et al., 2009a; Pourcelot et al., 
2005; Roux and Defontaine, 2005), but its 
potential to quantitatively follow-up tendon 
lesions has yet to be evaluated. 
The objectives of this study were to compare in-
vivo axial SOS measurements in normal and 
injured tendons and to assess the relation 
between SOS and tendon mechanical 
properties, in order to evaluate the potential of 
quantitative axial ultrasound to monitor the 
healing of injured tendons.  
2. Materials and methods 
2.1 Subjects 
The subjects of the present study were 12 
French Trotters (2-4 years old, 428 ± 40 kg 
average body mass) who participated in a 
clinical trial testing a regenerating agent on 
tendon lesions. The trial required the bilateral 
surgical induction (SI) of tendon core lesions 
and the euthanasia of the horses 3.5 months 
after the SI (as approved by the Ethical 
Committee of the National Veterinary School of 
Alfort). Horses were weighed before the SI and 
before the euthanasia (finding a non-significant 
variation of -0.1 ± 2.5 %), they had no history 
of previous tendon injury, and their SDFTs 
were sound upon inspection, palpation and 
ultrasonographic examination prior to entry to 
the study. 
The lesions were induced with a specially 
designed amagnetic pin, 30 cm long and ending 
with a 4 edged arrowhead (Denoix et al., 
personal communication), with a surgical 
technique similar to the one described by 
Schramme et al. (2010). The lesions were 
targeted in a region of interest (ROI) in the mid 
metacarpal area, a site that is highly susceptible 
to injuries. Briefly, a channel was made with a 
trocar through the tendon core under realtime 
ultrasonographic guidance, in the axial direction, 
where the arrow-shaped instrument was 
inserted. The surgeon repeatedly inserted and 
retracted this tool in the proximodistal 
direction, in order to tear the tendon fibres. The 
skin was sutured after the tool removal and 
non-compressive bandage was applied on the 
limb. The regenerating agent or saline solution 
(placebo) was bilaterally injected 3 weeks after 
the surgery. No lameness was detected 3.5 
months after SI. 
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2.2 Speed of sound 
SOS in the right SDFT of each horse was 
measured with an ultrasonic axial measurement 
device similar to the one previously described 
by Pourcelot et al. (2005). This probe is 
composed by one emitter (1 MHz broadband 
pulses) and two receivers; a windowed gaiter 
(Fig. 1) allowed the positioning of the probe on 
the ROI (in the palmar metacarpal area) while 
elastic bands held it in place. Axial SOS was 
measured from the time of flight of the first 
arriving signal (FAS) between the two receivers. 
The FAS was detected with the first zero-
crossing criterion (Bossy et al., 2002). This 
probe explores a tendon region of about 1 cm 
in the axial direction (equal to the distance 
separating the receivers). 
SOS in normal (SOSN, before SI) and injured 
tendon (SOSI, 3.5 months after SI) was assessed 
averaging the maximal SOS, corresponding to 
the maximal SDFT load (Pourcelot et al., 2005), 
measured in each stride during 6 series of walk 
on an asphalt pavement; SOSN and SOSI were 
both determined by averaging about 30 strides 
for each horse. The horse’s speed was not 
controlled; however the horses were always led 
by the same handler who maintained a constant 
speed. 
The expected wavelength in the SDFT with the 
adopted ultrasound configuration (λ = SOS / 
frequency ≈ 2 mm) is smaller than the average 
tendon dorsopalmar thickness in the metacarpal 
region (~ 5mm in normal tendons, Vergari et 
al., 2010). Therefore, it can reasonably be 
assumed that the measured SOS corresponds to 
that of a bulk compression wave propagating in 
the tendon (Bossy et al., 2002), giving (Rose, 
2004): 
ρCSOS 11    Eq.1 
where C11 is the tendon’s axial stiffness 
coefficient and ρ is tendon’s mass density. 
The stiffness coefficient C11 is proportional to 
tendon’s Young’s modulus and it is a function 
of its Poisson’s ratio. Poisson’s ratio has been 
measured in the SDFT and it was found 
constant with strain and near the limit of 
incompressibility (Vergari et al., 2011); this 
implies that tendon’s volume does not 
significantly vary during loading. Thus, given 
that tendon’s mass losses are negligible during 
axial strain, mass density should also be 
constant. 
It was thus assumed that SOS variations at walk 
are proportional to the square root of tendon’s 
Young’s modulus, which is load-dependent 
(Riemersma and Schamhardt, 1985). However, 
SOSN and SOSI were defined as the average 
peak values during walk, so their difference 
should not depend on tendon load since neither 
lameness nor weight change were detected at 
3.5 months from SI. 
2.3 Mechanical properties 
The 12 horses were euthanized after the 
measurement of SOSI; each right forelimb 
SDFT was isolated between 1 and 7 hours after 
death (the entire limbs were preserved in plastic 
bags at 4°C during this time) leaving intact the 
tendon distal insertion on the middle phalanx. 
Tendons were tested in tension immediately 
after isolation and according to the protocol 
described by Crevier-Denoix et al. (2005), at a 
constant speed of 60 mm/min (corresponding 
to 11.7 ± 2.4 % axial strain/min). Each tendon 
was installed in the testing machine (Insight 30, 
MTS Systems Corporation, Eden Prairie, MN 
USA, 100 Hz sampling rate) by blocking the 
 
Figure 1.  (A) Windowed gaiter in place on the palmar 
mid-metacarpal area of the horse’s right forelimb, where 
the skin was depilated in order to enhance the acoustic 
contact. (B) The axial ultrasound probe is held in place in 
the windowed gaiter with elastic bands. 
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phalanx with metal rods and the proximal end 
in a cryo-jaw (Riemersma and Schamhardt, 1982). 
Two needles were transversely inserted in the 
tendon, delimiting a region centred where SOS 
was measured in vivo, and they were equipped 
with reflecting scotchlight markers on both 
ends. Those markers were then filmed with a 
high definition camera (Casio Exilim EX-F1) 
during the mechanical test and tracked with a 
custom made software. The instantaneous 
length (L) of this region was defined as the 
distance between the middle points of each pair 
of markers. The segment’s initial length (L0, 3.4 
± 0.4 cm) was measured for a 100 N pre-load. 
True strain (ε) was then calculated as 
ε = ln(L/L0). 
Tendons’ CSAs were measured by 
ultrasonography. CSA of normal (CSAN) and 
injured tendons (CSAI) was measured in vivo, 
with the horse standing, while CSA of isolated 
tendons was measured in vitro (CSAE) in water, 
with the tendon slightly taut. True stress (σ) was 
calculated by assuming that tendon is 
incompressible (Vergari et al., 2011), as 
ECSAε)(1Fσ  , where F is the tendon’s 
load and ε is the axial true strain. Each true 
stress/strain curve (Fig. 2) was then 
approximated with a 3rd order polynomial 
(Crevier et al., 1996); the maximum of the 
polynomial’s first derivative was retained as 
tendon’s instantaneous Young’s modulus 
(EINST), while the derivative’s value observed at 
7.3 N/kg (the expected maximal tendon load at 
walk normalized on the horse’s weight, 
Harrison et al., 2010) was retained as the 
Young’s modulus likely corresponding to the 
maximal SOS at walk (EW). Engineering values 
were also calculated in order to be compared to 
previous literature data. Engineering stress at 
maximal load was defined as the ratio 
FMAX/CSAE, while approximated Young’s 
modulus (EA) was defined as the maximum of 
the derivative of the engineering stress/strain 
curve, where the engineering strain is (L-L0)/L0. 
2.4 Statistics 
Normality was tested with the Lilliefors test. 
Pearson’s correlation coefficient was calculated 
for normally distributed variables while 
Spearman’s rank correlation coefficient was 
used for the non-normally distributed ones. 
Differences between measurements in normal 
and injured tendon were statistically analyzed 
with Wilcoxon signed-rank test for non-
normally distributed data. Significance level was 
set at p < 0.05. 
3. Results 
3.1 Speed of sound 
Average SOSN was 2179.4 ± 31.4 m/s while 
average SOSI was significantly lower (p < 
0.001), at 2065.8 ± 67.1 m/s (Table 1, Fig. 3);  
 
Figure 2.    True stress/strain curve of horse #8 (left 
ordinates axis). The white line is a 3rd degree polynomial 
approximating the curve, while the dashed line is the 
instantaneous Young’s modulus (i.e., the polynomial’s 
first derivative, right ordinates axis). The cross and the 
circle are the maximal instantaneous Young’s modulus 
and the instantaneous Young’s modulus expected at 
walk, respectively. 
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SOS was already significantly decreased (2093.2 
± 48.8 m/s, p < 0.001) 2 weeks after the 
surgical induction. Figure 4 compares the SOS 
in normal and injured tendon at walk. The SOS 
measurements revealed highly repeatable, since 
the short-term precision error, as defined by 
Gluer et al. (1995), for the determination of 
SOSN and SOSI was 0.26 and 0.21 %, 
respectively. 
3.2 Structural and mechanical parameters 
Table 1 reports the results for each tendon 
while Figure 2 shows an example of true 
stress/strain curve and instantaneous Young’s 
modulus. Average maximal load was 14.1 ± 1.1 
kN, corresponding to an average true stress of 
80.12 ± 9.98 MPa. 
The 3rd order polynomial proved to be a good 
fit for the true stress/strain data (average RMSE 
= 1.02 ± 0.2 MPa). The derivative of the 
stress/strain curve for 2 out of 12 tendons (#9 
and #11) did not present a maximum because 
those tendons failed either proximally or distally 
to the lesion site; therefore, EINST could not be 
evaluated for them.  
CSA of injured tendons (1.66 ± 0.19 cm2) was 
significantly higher (p < 0.001) than in normal 
tendons (0.81 ± 0.13 cm2). CSAE was 
significantly higher than CSAI, but the two were 
strongly correlated (r = 0.82, p = 0.001). 
3.3 Correlations 
Both SOSN and SOSI were not correlated to 
tendons’ EINST, or to their maximal load or 
corresponding stress. However, a correlation 
was found between EINST and the ratio 
SOSI/SOSN (n = 10, Spearman’s ρ = 0.70, p = 
0.025). The correlation was similar when 
considering the ratio SOSI/SOSN versus EA (n = 
10, Spearman’s ρ = 0.72, p = 0.019) or EW 
(Fig.5; n = 12, Spearman’s ρ = 0.66, p = 0.022).  
SOSI/SOSN was found correlated with CSAN 
(Spearman’s ρ = 0.72, p = 0.008), but not with 
CSAI.  
4. Discussion 
This is the first time that axial SOS in normal 
and injured tendons are compared, observing a 
significant decrease 3.5 months after the 
induction of a core lesion. SOS was also 
compared to tendon’s mechanical properties, 
finding a correlation between the normalized 
SOS (SOSI/SOSN), measured in vivo during 
walk, and the tendons’ elastic modulus 
measured in vitro. The measurements were 
performed during a clinical trial testing of a 
regenerative agent, so half of the horses were 
bilaterally treated with this molecule while the 
other half was administered a placebo; however, 
the evaluation of this product was beyond the 
scope of the present paper. 
Axial SOS have previously been measured in 
vitro in loaded SDFT (Crevier-Denoix et al., 
2009b), finding SOS values comparable to those 
measured in the present study for normal 
tendons (2179.4 ± 31.4 m/s); the maximal SOS 
difference observed among those tendons (100 
m/s at axial load of 1100 N) was similar to the 
present results (98 m/s). Injured tendons, on 
the other hand, present a higher variability 
(2065.8 ± 67.1 m/s), with a maximal difference 
among tendons of 205.8 m/s. This variability 
probably results from the concurrence of the 
initial inter-tendon variability, the slight 
variability in lesions’ shape and position within 
 
Figure 3. Axial speed of sound (SOS) in 12 
superficial digital flexor tendons, before (diamonds) 
and 3.5 months after (dots) the surgical induction of 
core lesions, plotted against tendon cross-sectional 
area (CSA). Mean ± SD of SOS and CSA (cross and 
dotted lines) are shown for normal and injured 
tendons, separately; differences in both SOS and 
CSA are significant (p < 0.05). 
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the tendon and the additional effects of each 
lesion’s progression; however, the initial lesion’s 
severity was clinically and ultrasonographically 
assessed by trained clinicians and found to be 
homogeneous among tendons. 
An average SOS decrease of 5 ± 3 % was 
observed 3.5 months after the surgical 
induction, while horse’s weight did not 
significantly vary and no lameness or 
locomotion alteration was visually detected at 
that stage by experienced clinicians. Therefore, 
tendon peak load at walk was likely the same 
between measurements for a given horse. 
Besides, in-vitro SOS measurements (Crevier-
Denoix et al., 2009b) suggest that a decrease of 
114 m/s (corresponding to the average SOS 
decrease observed 3.5 months after the 
induction) would be induced by a decrease of 
the maximal tendon load at walk of about 3500 
N, which is not realistic. Moreover, it was 
previously demonstrated that SOS 
measurements in the current configuration are 
independent of the skin’s thickness (Pourcelot 
et al., 2005); therefore, the difference between 
SOSN and SOSI in each horse should only 
depend on tendon’s alterations.  
The correlation of normalized SOS with EW 
was similar to the one with EINST; this confirms 
that the lack of control of tendon load did not 
influence much this correlation, although load 
standardization might improve it. No 
correlation was found between SOS and 
tendon’s maximal load, although it would have 
represented valuable information in clinical 
practice. 
Approximated Young’s modulus in normal 
SDFT have been previously observed between 
Table 1. Speed of sound (SOS) and cross-sectional area (CSA) of normal and injured tendon (N and I subscripts, 
respectively), CSA measured in vitro (E subscript), initial length of in-vitro tendon segment (L0), instantaneous and 
approximated tendons Young’s modulus (EINST and EA, respectively), which could not be calculated for horses #9 and 
#11 (X), instantaneous Young’s modulus corresponding to the maximal tendon load at walk (EW), maximal in-vitro load 
(FMAX) and the corresponding true stress (σMAX). 
 
SOSN 
[m/s] 
SOSI 
[m/s] 
CSAN  
[cm²] 
CSAI 
[cm²] 
CSAE 
[cm²] 
L0 
[cm] 
EINST 
[GPa] 
EA  
[GPa] 
EW 
[GPa] 
σMAX 
[MPa] 
FMAX 
[kN] 
1 2129.5 2038.5 1.07 1.81 2.01 3.9 0.97 0.84 0.84 86.99 15.31 
2 2118.7 2055.5 1.05 1.81 1.99 3.2 1.29 1.15 1.03 86.41 15.76 
3 2183.6 2106.2 0.79 1.37 1.74 3.2 0.95 0.80 0.79 91.61 13.84 
4 2209.9 2110.2 0.74 1.89 2.30 3.5 0.96 0.77 0.67 70.13 14.52 
5 2200.1 1974.7 0.72 1.63 2.12 3.5 0.87 0.74 0.70 80.71 14.93 
6 2196.2 2156.7 0.79 1.56 2.06 2.9 1.06 0.95 0.94 66.65 12.59 
7 2186.7 1993.4 0.72 1.68 2.01 3.1 0.78 0.67 0.58 73.63 12.88 
8 2165.8 1957.7 0.67 1.55 1.86 3.3 1.02 0.90 0.87 73.29 12.48 
9 2156.8 2062.1 0.84 1.52 1.72 3.4 X X 0.95 87.79 13.95 
10 2216.5 2163.5 0.80 1.62 1.88 3.5 1.18 1.03 0.97 85.93 14.77 
11 2209.0 2060.9 0.74 2.00 2.18 4.3 X X 0.80 64.78 13.12 
12 2180.4 2110.6 0.76 1.43 1.74 3.3 1.33 1.17 1.12 93.45 14.77 
Mean 2179.4 2065.8 0.81 1.66 1.97 3.4 1.04 0.90 0.86 80.12 14.08 
SD 31.4 67.1 0.13 0.19 0.18 0.4 0.18 0.17 0.16 9.98 1.10 
 
Figure 4. Average axial speed of sound (SOS, mean ± SD) 
in the right superficial digital flexor tendon of horse #8, 
before (A) and 3.5 months after (B) the surgical induction 
of a core lesion. Each curve represents the average SOS of 
30 strides and is plotted against the stride duration (in 
percentage), although the beginning of the stride is defined 
with an arbitrary SOS threshold. SOSN and SOSI are the 
average maximal SOS in normal and injured tendon, 
respectively. 
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1.0 and 1.6 GPa (Crevier-Denoix et al., 2005; 
Crevier et al., 1996; Gillis et al., 1995; 
Riemersma and Schamhardt, 1985), while 
engineering stress at tendon failure was 
observed around 125 MPa (Crevier-Denoix et 
al., 2005; Vergari et al., 2011). Mechanical 
properties of injured tendons are usually much 
lower: in tendons suffering from chronic 
spontaneous lesions, elastic modulus has been 
observed at 0.74 ± 0.33 GPa while stress at 
tendon failure has been found between 53.9 and 
63.9 MPa (Crevier-Denoix et al., 1997; Crevier-
Denoix et al., 2005). The values found in the 
present study are slightly higher (Table 1), 
probably because tendons healing from first 
injuries do not have the same characteristics as 
tendons affected by chronic tendinitis (Crevier-
Denoix et al., 2005). 
5. Limitations of the study 
The main limitation of the present study is the 
lack of a direct correlation between SOS and 
tendon’s elastic modulus, which is probably due 
to a combination of factors. Axial SOS conveys 
information on the tissue properties at 
wavelength scale, but it was compared with 
elastic moduli which were measured on the 
whole tendon’s cross-section. Tendon can be 
considered a homogeneous tissue for the 
propagation of ultrasound at the adopted 
wavelength; however, this simplified model, 
which was adopted as a first approximation 
approach (Eq. 1), probably cannot be applied to 
injured tendon. 
SOS measurements at lower frequency (i.e. 
larger wavelength) might be more effective in 
characterizing injured tendon’s elastic modulus. 
Numerical simulations could be utilized, as it 
was done to characterize ultrasound 
propagation in cortical bone (Bossy et al., 2002), 
to understand the wave modes and paths 
forming the FAS in injured tendons. In 
particular, the correlation observed between 
normalized SOS (SOSI/SOSN) and tendon’s 
elastic modulus was not predicted by the theory, 
so it merits to be further investigated. This 
normalization was tested since it was expected 
to minimize the initial inter-tendon variability in 
SOS due to the different tendon loading among 
horses and tendons’ initial mass density and 
Poisson’s ratio. However, more information is 
needed on the local mechanical and acoustical 
properties of the injured tissue, which have not 
yet been characterized. 
The peak elastic modulus at walk, EW, was 
evaluated by assuming a peak SDFT tendon 
load, standardised on horse’s weight, of 7.3 ± 
2.1 N/kg (Harrison et al., 2010). The large 
variability reported in peak load (about 30 %) 
does not suffice to explain the lack of 
correlation between SOSI and EW. Other values 
of peak tendon load at walk are present in the 
literature (Butcher et al., 2009; Takahashi et al., 
2010), but they give similar results. The limbs’ 
kinematics, which affects tendon’s load at walk, 
was only controlled by standardizing the horses’ 
walk (e.g., horse’s speed, head’s position, etc.) 
and was not quantified in the present study, 
since this type of measure would not be 
available in current clinical practice. 
The comparison of SOS and elastic modulus 
might also have been affected by the difference 
between in-vivo and in-vitro determination of the 
same tendon ROI; CSAI was measured in vivo, 
with the horse standing, in the same region 
where SOS was measured, while the CSAE was 
 
Figure 5.  Speed of sound (SOS) in injured 
tendon (subscript I) normalized on its value in 
normal tendon (subscript N) plotted versus the 
Young’s modulus likely corresponding to the 
maximal SOS at walk (EW); the two are 
significantly correlated (Spearman’s ρ = 0.66, p 
= 0.022). 
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measured in vitro exactly where the axial strain 
was being measured. Although significantly 
different the two areas are strongly correlated, 
suggesting that the in-vivo and in-vitro regions 
indeed corresponded, and the CSA difference 
was mainly due to the tendons being clearly 
more loaded when CSAI was measured. Still, 
mechanical properties were measured in a 34 
mm tendon segment, while the SOS measures 
average a 10 mm segment; while elasticity 
variations in such a small range are not expected 
to be large, they can nevertheless play a role in 
the decrease of correlation between the elastic 
modulus and SOS. 
6. Conclusions 
Axial SOS was measured in vivo in normal and 
injured SDFT, observing a significant decrease 
3.5 months after injury. A correlation between 
the normalized SOS values and injured tendon’s 
elastic modulus was found. These results should 
be now compared with the clinical and 
ultrasonographic assessment made by clinicians, 
and confirmed by testing larger samples of 
tendons. Mass density and Poisson’s ratio of 
injured tendons should be investigated, at 
different healing stages, and compared to their 
values in normal tendons in order to assess their 
impact on tendon SOS. However, these 
preliminary results confirm the potential of 
quantitative ultrasound in injured tendons 
monitoring. 
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